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ABSTRACT / 0044

A study has been made of suitable neutron
detecting systems for space measurements. As a
result of this investigation a neutron monitor, con-
siating of a He3 proportional counter encased in a
polyethylene moderator which, in turn, is surrounded
by charged particle counters, has been constructed
and tested. The efficiency of this neutron detector
system is 2.0 counts/neutron/cm2 for 14 MeV neutrons
and 20 cts/n/cm2 at thermal energies. The electron-
ics system is designed to reject neutron events
occurring within 200 microseconds after a charged
particle counter is triggered, thereby providing
discrimination against neutron production in the
detector.

A Li6I scintillator encased in a plastic
scintillator which acts as both a moderator for the
neutrons and a charged particle detector has also
been built and tested. This detector system was
not adopted now as "space neutron monitor" because
pulse shaping circuits were required and the re-
Jection of gamma ray events was not as good as for
the He3 detector system. Studies have also been
made of detectors for fast neutron measurements

and directional neutron fluxes.
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Design of a Neutron Monitor for Measurements in Space

I.

J. A. Lockwood

and
L. A. Friling

Physics Department, University of New Hampshire,

Durham, New Hampshire

Introduction

A study has been made of different types of
neutron detector systems for measurements of the total
neutron intensity both near and far from the earth. Such
a neutron detection system will be referred to as a
"space neutron monitor" because, in general, some moder-
ating material will surround the neutron detector itself
and charged particle detectors will be required to dis-
criminate against neutron production in the monitor. The
design and testing of such a neutron space monitor to
measure the integrated neutron flux up to about 10 Mev
has been the principle concern of this investigation.
Preliminary studies have also been made of detectors to
measure the energy spectrum and directional intensity of
the neutron flux above the atmosphere with 0.1 < E,
< 10 Mev.

In the vicinity of the earth, but above the earth's
atmosphere, the monitor will measure the neutron leakage
flux resulting from neutron production in the atmosphere
of the earth by the normal primary cosmic radiation. On
many occasions, after large solar flares, there may be

an enhanced neutron leakage flux as a result of neutron



production in the atmosphere by solar protons and alphas.
For most solar events such production would be confined to
regions near the geomagnetic poles. On very rare occasions,
such as after the 15 November 1960 solar flare, in which
energetic protons (Ep->-5 Bev) were produced, neutrons may be
observed at low altitudes at lower geomagnetic latitudes.

We may speculate whether there are detectable fluxes
of neutrons with 0.1 < E, < 10 Mev arriving at the earth
directly as a result of nuclear reactions on the solar sur-
face. It 1s evident that such a neutron flux would be diffi-
cult to measure in the presence of the large proton fluxes
following solar flares.

At large distances from the earth, a neutron monitor
would measure the neutron intensity from other sources. For
example, the presence of a neutron albedo about twice that
for the earth, or 0.17 n/cm2/sec, has been postulated for the
moon (Rao, 1963). We might expect the transit times from the
sun to a space vehicle at large distances from the earth to
be different for solar protons than for solar neutrons. Con-
sequently, the nature of the soclar flare mechanism and the
propagation of the protons through the interplanetary field
might be studied. |

In addition, this neutron detection system, when flown

near the earth, can indirectly monitor the intensity-time var-

lations of the cosmic radiation because the neutron leakage
flux 1is generically related to the primary cosmic radiation
interacting with the earth's atmosphere.




For meaningful comparisons of the neutron intensity
above the atmosphere and in space, a "standard" neutron de-
tection system should be used and located in, as near as
possible, similar surroundings, preferably removed from any
high atomic number and hydrogenous materials. An accurate
calibration must be made of the detector's energy response
and absolute efficiency so that the result of different
flights can be compared. We may write the countlng rate

of any neutron detecting system as
W
C (sec™l) = fn(E)s(E)dE,

where N(E) is the difgérential neutron energy spectrum as a

function of energy and S(E) is the detector efficilency (an

intrinsic property of the neutron detecting system). We
can then compare theory with experiment provided S(E) is
known.

In the design of this neutron detecting system, we
were primarily concerned with its use to measure the neutron
leakage flux near the earth, at distances of 100-500 miles.
Studies of the neutron leakage resulting from the neutron
production in the earth's atmosphere by galactic and solar
cosmic rays are important for several reasons:

1. The albedo neutrons diffusing out of the earth's
atmosphere contribute at least part of the electrons
and protons trapped 1n the magnetosphere.

2. The capture of neutrons in atmospheric nitrogen 1is

responsible for the production of the age—daﬁing
nuclide Cl4, through the reaction Nl4(n,p)cl



II.

3. The generic relation of the leakage flux to lower energy
portion of the cosmic radiation.

Survey of Neutron Measurements in Space

Investigations have been made for several years of
the intensity and spectrum of neutrons in the atmosphere
(Simpson, 1951; Hess et al., 1959; Bame et al., 1963), and
more recently in satellites (Hess, 1960; Bame et al., 1960,
1963; Trainor, 1963). For the most part these measurements
have been sporadic, having been carried out at different
latitudes, altitudes, and times of the solar cycle, and gener-
ally with neutron detectors which are not directly comparable.
In order to obtain a value of the neutron flux with these de-
tectors, it 1s necessary to fold together the detector's ener-
gy dependent efficlency and a relative neutron spectrum. The
neutron energy spectrum is not completely known and is at the
present time based upon a measurement in the atmosphere
(Hess et al., 1961; Newkirk, 1963; Lingenfelter, 1963). The
previous work, particularly with satellite detectors, has
not been sufficiently extensive and several outstanding pro-
blems remain concerning the albedo neutron flux. Some of
these are:

1. Previous absolute intensity measurements are not all
in agreement.

2. The latitude and longitude dependence of the total
albedo neutron intensity has not been measured.

3. The angular distribution in space of the albedo neutrons
is not known, nor is the energy distribution well known
even at one point in space.



4. The variation with time of the total intensity in the
energy spectrum 1s unknown, especially during solar
proton events.

5. Intensity vs. distance from the earth is known only in
a limited sense. No direct measurement has been made
of the intensity of the energetic albedo neutrons
(En > 10 Mev) which most likely contribute to energetic
protons in the inner radiation belt.

The state of the art for neutron detectors for space
application has not yet reached the degree of sophistication
required to answer all of the above questions. However,
several may be attacked by establishing a program of total
intensity measurements on rockets and satellites. Thus,
properly designed total neutron intensity monitors on satel-
1lites and rockets could elucidate these questions concerned
with variations of the total intensity in longitude, lati-
tude, time, and to some extent with altitude.

Space neutron detectors are generally difficult to
design properly because of the problem of the production of
charged particles in the detector and the vehicle carrying
the detector. The problem of local production in the de-
tector can be avoided by the use of a charged-particle
counter shield around the monitor. (See Section V). The
background neutron flux from the space vehicle can be evalu-
ated by exposing the detector and the vehicle itself to a
flux of energetic charged particles, or by placing the de-
tector so that the solid angle subtended at the detector by
the production source in the vehicle is minimized. 1In gen-
eral, the latter is the desirable method. 1In all cases any

high Z, high density material should be kept as far as possi-
ble from the detector assembly itself.



Several experimental results are now available for
comparison with the neutron leakage calculations of Hess,
Canfield and Lingenfelter (1961), Newkirk (1963), and
Lingenfelter (1963). These results are summarized in Table
I. Newkirk has calculated the neutron flux at 57° N using
the Sp approximation to transport theory, while Lingenfelter
has recalculated the neutron flux of Hess et al. using dif-
fusion theory. The essential differences between the diffu-
sion calculations are: 1) Lingenfelter has used an altitude
dependence for his source function at the top of the atmos-
phere based upon star production measurements of Lord (1951)
rather than a simple exponential, and 2) he has included the
effects of inelastic scattering, thus shifting the higher
energy neutrons to lower energies. The calculatlions of
Newkirk at 57° N are in good agreement with those of Lingen-
felter. Latitude variations of ~12 to 1 at solar minlimum
and~7to 1 at solar maximum are predicted by Lingenfelter,
whereas Hess et al. (1961) have used the latitude dependence
of the equilibrium neutron flux 1n the atmosphere measured
by Simpson (1951) giving a latitude variation of 4.5 to 1.

In Table I the data as presented give all the current
results available. Columns 2, 3, 4 and 5 give, respectively,
the time of the measurement, the geomagnetic latltude, altil-
tude and flux measured, while column 6 gives She flux cor-
rected to 300 km using a R™3-2 altitude variation to facili-
tate comparison of results. Columns 7 and 8 separate the

results on the basis of whether an experimental or calculated



correction has been applied to the listed measurement to
account for local production and/or charged particle
response. The H or L 1n parentheses indicates whether the
spectrum has been calculated according to the theory of Hess
or Lingenfelter. Columns 9 and 10 list the calculated flux
at 300 km for the two spectra.

It is at once apparent that the results separate them-
selves into groups. The measurements of Albert, Gilbert
and Hess (1962) and Williams and Bostrom (1964)fall con-
sistently above the calculations of Lingenfelter. However,
Albert et al. measure a latitude effect of about 10 to 1,
very close to that calculated by Lingenfelter. The results
of Bame et al. agree well with the calculations of Lingen-
felter, and the present results agree well at low latitudes.
At high latitudes, Trainor and Lockwood measured a flux
about 1/3 that calculated by Lingenfelter, since they find
a latitude variation of ~4 to 1. If these results are com-
pared with the measurements of Bame et al. at middle latil-
tudes, 1t 1is seen that there is good agreement between the
total response of the detectors. The experimental and
calculated corrections for local neutron production in
Trainor and Lockwood's experiment are much larger than
those estimated by Bame et al. (1963).

Summarizing, it appears that while there 1s some
agreement between measurements and calculations, there
still exist large uncertainties in the neutron albedo flux
and the latlitude dependence of this flux. The need for

further measurements is apparent, but 1t 1s necessary that
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these measurements should provide for experimental separation
of the albedo flux from that produced locally in the detector
and the vehicle by cosmic-ray protons. Obviously more direct
methods for determining the energy spectrum of the neutrons

should be made.

IIXI. Requirements Imposed on the Space Neutron Monitor

To measure effectively the neutron flux above the
atmosphere the neutron space monitor must have the following
characteristics:

1. response to neutrogs in the energy range of
.01 < Ep < 14 x 100 ev;*

*A recent review (Hess, 1963) on the possible sources for the
radiation trapped in the inner radiation belt concludes that
protons with energies greater than 5 Mev are due to albedo
neutrons from both galactic and solar cosmlc rays, and possi-
bly a source for those electrons with energies less than 780
Kev. Even though these conclusions may be subject to debate,
they do suggest some desirable properties for the monitor we
are developing. Unfortunately, it was not feasible to require
the monitor to have a significant response above E, = 20 Mev.
Thus, we would not be measuring directly those neutrons with
En > 30 Mev which decay into energetic protons in the inner
belt (Ep > 30 Mev). On the other hand, the neutron albedo
spectrum produced by galactic cosmic rays is due to the
slowing down and diffusion in the atmosphere of the evapora-
tion neutrons (~ 4 Mev) and the knock-on neutron sources.
Therefore, the lower energy neutrons are genetically re-
lated to the higher energy neutrons. We should also note
that changes in the intensity of the galactic cosmic rays
should be reflected in changes in the intensity of the albedo
neutrons observed with the proposed monitor. On the other
hand, we would expect albedo neutrons produced by solar pro-
tons to arise predominantly from an evaporation source
because of the much steeper energy spectrum of the solar
protons. The energy response of the proposed detector is
therefore well suited for monitoring these neutrons.




2. significant efflclency over the above energy range,
: especially at high energles, with a minimum weight
and volume;

3. negligible response to gamma rays and charged
particles;

4. good voltage pulse-height distribution, with a
clear separation of neutron and charged particle
pulses;

5. minimum quantity of high atomic number material
in the detector itself;

6. reliable and simple associated electronics;
7. 8shock resistant to approximately 50 g;

8. temperature stability of counting rate over the
range from -30° to 70° C.

The types of detectors conslidered for incorporation
in the space monitor were:

1. a BF3 counter surrounded by 1/2 inch paraffin
monitor;

2. a high pressure He3 detector surrounded by approxi-
mately 1 inch of polyethylene;

3. a LiI (Eu) scintillator mounted on a photomultiplier
surrounded by a 1 inch polyethylene moderator;

4. a Li% (zZnS) scintillator (Nuclear Enterprise Model
421), surrounded by a 1 inch polyethylene moderator.

The choice of the best neutron detector for incorpora-
tion 1n the neutron space monitor was based upon the following
tests:

1. a careful evaluation of the pulse-height distribution
of the neutron counter;

2. the discrimination in the detector against charged
particles and gamma rays;

3. the efficiency oveg a range of energies from
.01 < E, < 10 x 10© ev.
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A moderated neutron detector selected on this basis was then
incorporated with the charged particle counters to discrimin-
ate against production in the monitor. The effectiveness of
the over-all detector was evaluated for rejection of charged
particle events. A prototype unit of this system was designed

and carefully tested.

Comparison of Detector Characteristics

The comparison of the efficlencies of the BF3 and
He3 gaseous counters and the L16I scintillation detector
for neutrons depends upon the reaction cross-section. 1In
Fig. 1 the reaction cross-section for He3, Blo, and LiI, 1is
shown as a function of neutron energy. The probability of
interaction in a detector, assuming a directional flux per-

pendicular to the long axis of the counter is given by

€, = S [1 - exp(-L(%o»Q'Rtil em? (1)

where p and P, are the pressure in the detector and pressure
at 0° C, S is the cross-sectional area of the counter in cmz,
L is Loschmidt's number (=2.6 x 1019 em-3 at STP). O'R is the

reaction cross section in cm2

» ¥ equals the counter thickness
in em. From Fig. 1 it is evident that with equal numbers of
atoms in these three possible detectors, the efficiency de~
creases rapidly with increasing neutron energy. Therefore,
to extend the range of the detector to higher energy, it 1is
necessary to surround it with a hydrogenous moderator to slow

down the high energy neutrons. It is also interesting to note

that the reaction cross-section for He3 and Blo is almost a
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monotonic function of energy, whereas for L16 there is
a distinct resonance at approximately 500 Kev.

To compare these detectors we have studied their
voltage pulse helght distributions with a RCL 256-channel
pulse height analyzer and the resulting pulse height dis-
tributions are shown in Figs. 2-5. The BF3 proportional
counter was 2" in active length, with 1™ active diameter
filled to a pressure of 60 em. Hg., and was surrounded
by a 1/2* paraffin moderator. This detector was chosen
because it was similar to one previously flown in neu-
tron experiments (Trainor and Lockwood, 1963). Two
different He3 detectors were used: one 4" in active
length, with 1" diameter, filled to 10 atmospheres
pressure and surrounded by a 1" polyethylene moderator.
The second He3 detector was 6" in active length, with
1" diameter, filled to U4 atmospheres of pressure and
surrounded by a 1/2" polyethylene moderator. The LiI
(Eu) scintillator was 1" in diameter, 4 mm thick, and
was mounted on a 6199 photomultiplier, and encased in
a 1" polyethylene moderator.

In the pulse height distribution curve for the

gaseous BF, counter (Fig. 2), run with a source of ther-

3
mal neutrons, it is quite evident that the noise and
gamma ray pulses lie below 2 millivolts and that there
is a broad distribution of pulses resulting from the
neutron reaction products: alpha particles and Li recoil

nuclel. The exposure of the detector to an intense flux
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of gamma rays does not affect the integrated neutron counting
rate provided that the discriminator level is set as indi-
cated. The pulse height'distributions for the He3 proportional
counters, shown in Figs. 3 and 4, were also obtained with a
thermal neutron flux. The pulses from neutron reaction pro-
ducts producing the ionizing events are much greater than
gamma-ray pulses, although the separation, or valley, between
the nolse and gamma pulses and the neutron events is not as
sharp as with the BF3 counter. However, with discrimination
levels indicated in either Fig. 3 or Fig. 4, the contribution
for the LiI scintillator shown in Fig. 5 was obtained for a
thermal flux of neutrons. The pulse height distribution shown
clearly indicates poor resolution of the neutron- and gamma-
induced events. Therefore, some scheme must be used to reduce
the response to gamma rays. Whether this can be done by pulse
shaping techniques on the L161 scintillator 1s unknown at this
time. Phoswiching techniques are quite reliable, but they do
complicate the electronics for a detector. In discussing the
efficiency of this detector, we must replace Loschmidt’s
number L, appearing in Ean. 1, with Nb 5?%, where No is
Avagadrots number, p== the density of the scintillator material,
and A = the atomic number. The detalls on the LiI neutron
detector, including the phoswiching circuits are presented in
Appendix B.

The pulse height distribution of a Li® (znS) Model
NE 421 neutron scintillation detector was determined as shown
in Fig. 6. This detector is similar to a Lil detector except
that the 1i6 with 96% enrichment is dispersed in a zinc
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sulphide matrix with silver as the activator. Relative tb
the LiI scintillator, the NE 421 is more efficient for neu-
trons because the cross~-section of ZnS 1s higher for the
capture of the nuclear reaction products. The ZnS, however,
has poor light transmissivity, thus limiting the thickness
of the scintillator. The neutron energy range and response
are thus somewhat limited. The NE 421, however, has a very
low gamma-ray response because the energy lost by the gamma
rays 1s considerably less than in a LisI crystal. The pulse
height distribution, as shown in Fig. 6,13 very poor. The
pulses from the neutrons and gamma rays can not be easily
separated unless the discrimination level 1s set very care-
fully for counting. Since the differential pulse height
distribution is a steep function of pulse height voltage,
the stabllity required in the amplifier and discriminating
circuit for a constant integrated neutron counting rate is
much greater than for any of the detectors discussed so far.
The poor pulse height distribution with low overall effi-
ciency led us to reject this type of detector for the space

monitor.

Discrimination Against Neutron Production in the Monitor

Neutrons will be produced in the detector and sur-
rounding moderator by protons and neutrons with energles
greater than about 50 Mev (Trainor, 1964). From the neutron
albedo energy spectrum of Lingenfelter (1963) about 5% of
the neutrons leaking from the atmosphere have energies
greater than 3 Mev, of which only a small fraction of this

energy will produce reactions. The intensity of protons,
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however, with energies of greater than 1 Bev is about 20
times the intensity of neutrons with energies greater than
10 Mev. Hence, the larger source of production is from
energetic protons through nuclear star reactions. The re-
sulting cascade and evaporation neutrons will have a wide
distributioﬁ in energy. Some of the fast cascade particles
may induce secondary reactions with further production of
evaporation neutrons. To discriminate against these pro-
duction neutrons in the monitor, the neutron detector, or
monitor, is surrounded by a charged particle detector.
Whenever the detector responds to a charged particle, the
resulting voltage pulse blanks off the neutron counting
channel. This blanking time is set to be several l1life
times of the neutrons in the moderator to eliminate prac-

tically all the neutrons produced by high energy particles.

There are several methods which may be used to sur-
round the neutron counter with a charged particle detector
system. Gaseous proportional counters can be placed either
between the moderator and the neutron detector, or around
the outside of the moderator. These proportional counters
may be operated either in the additive mode or the coin-
cidence mode. It is more desirable to have the charged par-
ticle detectors outside the moderator. In previous detectors
used we placed the charged particle detectors inside the
moderator. There are two bad features in such a scheme:

(1) neutrons will be counted which are unaccompanied by
charged particles, these events occurring as a result of

high energy protons incident on the moderator. (2) The
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threshold for charged particle detection is quite high, about

4O to 80 Mev, because the charged particles must penetrate
through the moderator. The arrangement with the charged parti-
cle counters outside the moderator is much better, but does
require a large number of charged particle detectors, with the
possibllity, therefore, of having the counting system saturate.
In another scheme to detect the charged particles, a moderator
which 1s also a scintillator i1s used. With the photomultiplier
located at one end of the detector, the system may be adjusted
to reject charged particle events through a gating signal. This
method is much more complicated than the charged particle
counter system, but is quite feasible.

With the L161 scintillator generally a hydrogenous
scintillator is used as a moderator to surround the neutron
detector. Then standard pulse shaping techniques can be em-
ployed. One type is described in detail in Appendix B. The
results of a similar system for fast neutron detection will be
discussed in Section X. For examples of such detectors, see

Haymes (1964) and Mendell and Korff (1963).

Comparison of the Efficiencies of the Nesutron Monitors

The neutron space monitors were calibrated by exposing
them to known neutron fluxes in the energy range .01 < En
< 14 x 10° ev. The 400 Kev Van de Graaff accelerator at
the University of New Hampshire provided a source of nearly
monoenergetic neutrons at 14, 5, 3, and 0.1 Mev by using
tritium, copper, deuterium, and carbon targets. The absolute
flux was determined by irradiating folls and comparing the
counting rates of a standard long counter (Hanson and Mc-
Kibben, 1947; and Marion and Fowler, 1960). In addition,

calibrated Ra-Be and Pu-Be sources were used to provide
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neutrons with mean energies of 4.1 Mev and 3.5 Mev, respec-
tively. Thermal energy calibrations were made at the ther-
mal neutron facilities of the Portsmouth Naval Shipyard and
with the target of the Van de Graaff accelerator surrounded
by a large paraffin moderator. The principle difficulty in
calibrating monitors for fast neutrons with the Van de Grzaff
accelerator arises from the back scattering of neutrons from
the walls surrounding the target. These neutrons will have
much lower energies, and since all detectors being considered
have an efficiency inversely dependent upon energy, the
scattering effect may mask the response to fast neutrons.

The experimental set-up used for calibrating the monitors

is shown in Fig. 7 with the Van de Graaff cperated to pro-
duce a continuous flux or pulsed beam of neutrons.

In earlier attempts to calibrate the neutron monitors,
the Van de Graaff had been pulsed and both the long counter
and neutron monitor pulsed in synchronization with the accel-
erator pulse. This method reduces the effect of scattering
since the time between pulses was the order of milliseconds,
and in this time the neutron flux in the room would decay
to essentially zero. However, a large correction must be
made for the finlte rise and decay of the neutron gas in
the moderator of the monitor and the long counter used for
calibration, and any small leakage of deuterons down the
accelerating column of the Van de Graaff in between pulses
would produce large errors in the measured efficiencies.

The leakage problem was a major one because the Van de Graaff

could not be made to operate properly at the necessary low
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beam currents. Since the correction for the finite rise
and decay of the neutrons in the moderator was very large,
1t was decided to discard this method.

To reduce the scattering of neutrons by the walls
of the room, the fast neutron beam was collimated by means
of paraffin and the energy degraded neutron flux was then
partially absorbed by cadmium and boral plate (Fig. 8).

A check can be made on the scattered intensity by the

1/R2 response with detectors or foils which respond to the
fast flux only and to the total flux. It was found that
with the collimated beam the response was nearly 1/R2 in
the region where the monitor was located for calibration
purposes. The arrangement of the collimator is shown in
Fig. 8 and effect upon the neutron is plotted in Fig. 9,
where the relative response is plotted against the angle
oL, with the geometrical shadow of the collimator indi-
cated by the vertical dashed line. This response enabled
us to correct for the background of the scattered neutrons
at the monitor. The efficiency can then be redefined by

0°) - Ry (15°)
N RCEL )

As mentioned previously, we can determine the fast flux
from the induced activity in various foils having the
appropriate neutron energy thresholds. A detailed discus-
sion of such methods can be found in Allen (1960) and Marion
and Fowler (1960).

The most reliable method for calibrating the Van de

Graaff neutron flux 1s to count the associated particles.
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This technique enables one to determine the flux to approx-
imately *5 percent. This method is most reliable with the
tritium target since the associated recoil alpha particle
has an energy of about 3 Mev. The neutron flux calibration
by this method agreed to within 15 percent of the results
using the induced activity of foils. The experimental
set-up for the associated particle assembly is shown in
Fig. 10.

To calibrate with Ra-Be and Pu-Be sources it must
be noted that these are not moncenergetic sources of neu-
trons and the known energy spectra (Fowler, 1960) must be
folded into the estimated efficiency of the detector. If
the response of the monitor is given by S(E) counts/neutron/
cme, and the number of neutrons emitted from the source with

a given energy E is defined as N(E), then the mean energy

for the source as seen by the monitor will be given by
_ fE N(E) S(E)dE
E =
LfN(E) (E)dE

The integral can be replaced by a summation, in which

N(E) and S(E) are considered essentially constant over small
energy intervals. Consequently, a radioactive source can
only be used as a check on the absolute calibration of the
monitor, since the relative response of the monitor must be
known approximately to calculate the mean energy of this
source. However, the efficiency of the neutron monitor can
be determined approximately by considering the measured
efficlency to éorresporid fo the actual mean energy of:.the

neutrons from the radloactive source.
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In addition, the neutron detectors were calibrated in
an intense flux of low energy gamma rays and the results of
these calibrations are summarized in Table II.

It can be seen from Table II that the He3 neutron
monitor has the highest neutron efficiency. Its efficiency
is larger than the LiI scintillator. While the latter is
a somewhat smaller detector, the high gamma response of the
scintillator suggests that it would not be as good for space
measurenments. The BF3 monitor, with the lowest gamma-ray
response, has an almost correspondingly lower neutron effi-
ciency. Increasing the size of the BF3 detector would in-
crease its efficiency, but unless the gas pressure in the
counter were greater than an atmosphere, it could not com-
pare with the He3 detector. A very distinct advantage of
the He3 detector is its very low operating voltage for corres-
pondingly high efficiencies. The pulse height voltage dis-
tribution of the He3 neutron detector is good enough for
circults used. We found that the He3 detector had a negli-
gible temperature coefficient from about -30° C to +50° 'C.
Therefore, the only temperature stability problem for this
type of detector is in the temperature compensation of the
electronics, which is easily achieved. The He3 monitor also
seems the best choice in view of size and weight considera-
tions. Scintillator-type monitors must be conslderably
larger because at least one or two photomultipliers are
required. The only major disadvantage of the He3 monitor
is its lack of a 47T solid angle to detect charged parti-

cles for discrimination against local production of neutrons.
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However, the fraction of solid angle in which charged

particles may. enter without being detected is about

5 percent of the total solid angle. Consequently, this

is not a serious disadvantage, and can be neglected in
an isotropic flux of particles. In conclusion, there-
fore, these tests indicate that He3 neutron monitor is
the best choice for a space neutron monitor in terms

of the requirements proposed at the outset of this study.

Design of a Prototype Monitor

On the basis of these conclusions we have designed
a prototype, the tube module for which is shown in Fig.
11. On the center is located the He3 counter, 4" active
length and 1" active diameter, filled to a pressure of
10 atm. Although the design with the charged particle
proportional counters on the outside of the monitor is
more desirable,the proportional counters were located
as shown in Fig. 11, because we did not have available
sufficient proportional counters for the cutside with
a moderator of the proper geometrical shape. The poly-
ethylene moderator was approximately 1/2" in diameter,
which is less than the optimum diameter of 1", which
reduced the efficiency about 20%, as indicated in Table
II. The tube module is separate from the electronics
and 1s capable of being operated at distances of several
feet from the main electronics module. The schematic
diagram of the electronics is indicated in Fig. 12, and

detailed circuit diagrams are presented in Appendix A.
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In Figs. 13 and 14 are shown two views of the detector and
the associated electronics. The calibration curve for the
prototype is shown in Fig. 15. Since the He3 neutron mon-
itor has cylindrical geometry, the efficiency as a func-
tion of angle has been determined using the scheme indi-
cated in Fig. 16, and the results of this calibration

are shown in Fig. 17. We see that the efficiency drops

by a factor of approximately 2.50 in a direction along

the axls of the counter where there is no monitor. The
region between thermal energies. and 1O6 electron volts

was sketched in, using the known response of a neutron
detector with approximately 1" polyethylene. This curve
will be treated in more detail when more satisfactory
neutron fluxes (E,~ 100 Kev) have been obtained from
carbon targets. 1In Table III are listed the specifications
for the prototype space neutron monitor. The mean effi-
clency for the prototype unit for the Lingenfelter neutron
flux (1963) is 5.88 * 1.18 cts/neutron/cm?.

Directional Neutron Detectors for Space Measurements

Preliminary investigations have been made of a type
of directional neutron detector for neutron measurements
in space, particularly solar neutrons. The results of
the first series of experiments with this detector have
been presented in Progress Report No. 1 (NASr-211, Dr.

E. L. Chupp, Principal Investigator), and only a brief
summary of results here. Extensive investigations are
being conducted by Dr. Chupp to increase the size and

efficiency to obtain sufficiently high counting rates.




Table IIT. Specifications for Space Neutron Monitor Prototype

Dimensions:

1) Tube Module . 3.5 in. diameter; 10.5 in. long

2) Electronics Module = 10.5 x 2.5 x 5.5 inches
Counters:

1) He3 tube - high voltage = 1575 V; disc. = 1 mv.

2) Prop. Bank A - high voltage = 2050 V; disc. = 3 mv.

3) Prop. Bank B - high voltage = 2050 V; disc. 3 mv.
Energy Range:

1) Neutrons = 0.01 < E, < 14 x 100 ev

2) Protons = approx. > 40 Mev and > 80 Mev

3) Electrons = approx. > 1 Mev

Background: 0.6 cts/min in paraffin pile with Cd arcund
tube module

Power: 1.5 watts
Weight: 10 1bs
Temperature Test:
(-30° ¢ to 70° ¢) 1) Amplifier gain constant 5%
2) High voltage constant 0.5%

Shock Test: 10 g's sine wave
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To consider the effectiveness of this type of directional
detector two small prototypes similar to the design of
Stetson and Berko (1959) were obtained from Nuclear Enter-
prise. These scintillators were in the form of right cir-
cular cylinders with a diameter of 3.8 em. and a height of
2 cm. The one scintillator, designated as the "rod"
scintillator, consisted of 97 plastic scintillating rods
held in a parallel array by a non-scintillating plastic
matrix. The other scintillator, designated as the slab
type, consisted of 15 slabs also held in a parallel array
by non-scintillating plastic. In Table IV are indicated

the dimensions of the two detectors.

Table IV. Dimensions of Directional Neutron Detectors Tested

Type Rod Slab

d (em) 1071 5 x 103

S (cm) 3 x 1071 4 x 1071

A (em?) 0.75 1.7 x 10-2
d = diameter of rods or thickness of slabs.

n
il

distance to nearest rod of slab.

A = total cross-sectional area of detector.

The results of tests with this type of directional |
detector are summarized in Table V. These measurements
were made with 14 and 3 Mev neutrons produced in the Van
de Graaff accelerator. It 1s clear that for neutrons of
14 Mev both the rod and scintillator detectors are highly
directional. For 3 Mev neutrons, however, only the slab

detector has a significant directional response. 1In all
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cases when the counting rate is plotted against the angle

© between the axis of the rod and incident neutron beam,

a distribution is obtained which 1s almost Gaussian, the

maximum occurring at © = O and the minimum at © = 90°.

The half-width and the ratio of the counting rate at 0°

to the counting rate at 90° depend directly upon the pulse

discriminating level. It would seem that with the discrim-

ination level at two-thirds the maximum pulse height the

ratio of the counting rate for 14 Mev neutrons at 0° to

that at 90° for both types of material is quite appreciable.
These preliminary results indicate the feasibility

of trying to make a much larger detector with slightly

different physical dimensions, a program to be carried

out by Dr. E. L. Chupp. One feature to be considered in

such a detector is the rejection of charged particle inter-

actions. The cosmic-ray flux, consisting primarily of pro-

tons, will produce recoiling events. Therefore, this

detector must be surrounded by a thin plastic in which the

charged particles will generate an anticolncidence gating

signal to bias off the neutron detector.

Fast Neutron Detector

: We have constructed a fast neutron detector using
a stilbene scintillator with the pulse shape discrimination
circult of Daehnick and Sherr (1961). Preliminary tests
have been made on the detector to determine the rejection
ratio for gamma rays and the energy resolution for neutrons.

No attempt has been made yet to encase the stilbene detector
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in a thin plastic scintillator for discrimination against
charged particle production.

Typical pulse height distributions are shown in
Figs. 18a and 18b. The dashed curve in Fig. 18a (X 30 scale)
is the pulse height distribution without p.s.d. for neutrons
from the DD reaction with 400 Kev deuterons with an intense
source (~ 1 mc, Coso) of gamma rays present. The solid
curve 1s the pulse height distribution for the neutrons only.
The pulse shape discriminated output under the same conditions
is shown in Fig. 18b. It is evident that the gamma pulse
rejection ratio is very good, the measurements indicating
that 1t exceeds 300/1. By the method of Broek and Anderson
(1960) we can then deduce the neutron energy spectrum from
the pulse height distribution shown in Fig. 18b.

Having acquired some experience with pulse shaping
circuits and the methods used to derive a neutron energy
spectrum from the proton recoil spectrum, we plan to inves-
tigate other types of recoil detectors for possible use to
measure the neutron energy spectrum near the earth. Any such
detecting scheme must, of course, incorporate an anticoin-

cidence arrangement for charged particle rejection.
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Appendix A

Schematic Diagrams of
Electronic Circuits for the

Prototype Space Neutron Monitor
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Appendix B
LiI Neutron Detector

A neutron detector constructed for comparison with
the He3 and BF3 proportional counters consisted of a
1181 (Eu) scintillator (Harshaw Chemical Corporation),
encased in a plastic scintillator, P' - Diphenylstilbene,
manufactured by Pilot Chemicals, Inc., and designated as
Pilot B. This detector was developed following the sugges-
tion of E. L. Chupp, who directed R. L. Colburn in this in-
vestigation. The phoswich assembly is shown in Fig. B-1.

The 1161 (Eu) crystal is 2.235 in. diameter and 2 mm. thick,
and enclosed in a metal housing on two sides with a glass
cover on the front side. The Pllot B scintillator was
machined from stock and painted on all outside surfaces,
except the one coupled to the photomultiplier, with a special
reflector paint manufactured by Nuclear Enterprises, Ltd. All
optical couplings were made with Dow Corning XC-2-0057.

The Pilot B scintillator serves two purposes (see
Section V): (1) for discrimination against neutron production
in the detector by charged particles, and (2) as a moderator
to slow down energetic neutrons, thereby increasing the effi-
ciency for detection of higher energy neutrons. The charged
particle dlscrimination occurs since the fast pulse produced
in the plastic scintillator by the incident charged particle
1s used to derive a gate pulse which turns off the output of
the neutron detection channel. An obvious disadvantage is
that the recoil nuclei from elastic collisions in the scin-

tillator-moderator will produce light pulses of comparable



magnitude to those in LisI. For neutron energies below 10
Mev this will not be a problem, because the relative light
output pulse for identical energy losses in the scintilla-
tors 1s about twice as large for Li6I (Eu) as it is for Pilot
B. 1In addition, the resulting capture of slow neutrons by
H((~ 0.3b) produces a pulse of 2.19 Mev. Such a pulse
could occasionally trigger the gate circuilt for charged par-
ticle discrimination, hence increasing the dead time of the
detector array.

The response of the phoswich assembly to charged par-
ticles, gamma rays, and neutrons should be as follows:

1. Low-energy charged particles should lose all their.
energy in the plastic to produce a single fast pulse.
If the resulting voltage pulse is above the threshold
of the pulse shape discriminator, a gate pulse will
be produced. For higher energy particles, able to
penetrate both the plastic and LiI scintlillators, a
composite pulse will result. Since this pulse con-
tains both a fast and a slow component, a gate pulse
will also be produced. The exact energy threshold
for charged particle detectdion was not determined.

2. Thermal neutrons may be captured in the plastic
scintillator, and the resulting ¥ pulses may be
large enough to produce a spurious gate signal.
Only a very small fraction of the thermal neu-
trons would be expected to produce such gating
signals.

3. Fast neutrons will be scattered in the plastilc
scintillator, and a series of fast pulses will
be produced by the recoil protons. Such pulses,
especially where the first recoll proton pulse
is large, may result in self-gating, depending
upon the threshold setting. The response of the
phoswich assembly to such events must be carefully
checked.

4. Even though the Plastic B and thin Li6I scintilla-
tor have only a low efficlency for gamma rays,
some difficulties with gamma rays may be en-
countered in the laboratory because most neutron
sources have large gamma fluxes and some gamma
radloactivity is always produced with the accel-
erator.



The pulse shape discriminator, the schematic diagram
for which is shown in Fig. B-2, 1is based upon the design of
Peterson and Nitardy (1961) for use with a NaI-plastic
phoswich. 1In the experimental tests performed, a gate
generator was constructed to provide a pulse to gate the
pulse height analyser, a type RCL-256.

Four different experiments were made on the phoswich
assembly: First, the optimum values were determined for the
parameters Cy and C3 in the pulse shape discrimination cir-
cuit. Second, the response of the Pllot B scintillator to
various energy neutrons was evaluated. Third, the response
of the Li6I scintillator was similarly determined. Fourth,
the complete phoswich assembly was exposed to known fluxes
of different energy neutrons.

The experimental set-up to determine the response
characteristics of the scintillators to neutrons was essen-
tially the same as used for the efficiency measurements on
the space neutron monitor shown in Figs. 7 and 8. 1In all
cases the optimum value of C3 = 400 pf was used and the
high voltage on the photomultiplier set at less than 1150
volts to avold the possibility that gate pulses will be
generated in the pulse shape discriminator for slow rise
time input pulses.

In Figs. B-3 and B-4 are displayed the gated and un-
gated spectra from the Pilot B, the LiI and the phoswich
assembly. It is evident that the phoswich assembly operates
satisfactorily for 3 Mev neutrons because the gating removes

the pulses in the range of channels 80-150. These pulses



correspond to proton recoil below the threshold for gener-
ating a gating pulse. The slight shift in the peak occurring
at about channel 180-200 in the pulse height distributions in
the L161 and phoswich assembly is due to differences in the
optical path in the two cases. A similar voltage pulse height
distribution was obtained for 5 Mev neutrons. However, with
14 Mev neutrons the pulse height distribution is quite dif-
ferent, as can be seen in Figs. B-5 and B-6. The phoswich
assembly does not operate properly here because, first; the
fast neutrons produce recoil nuclel in the plastic, which in
turn generate light pulses as large as from the LisI, and
second, the pulse shape discriminator is saturatang, 1i.e.,
for sufficliently large pulses from the plastic no gate pulse
is generated. With saturation in the pulse shape discrimin-
ator occurring, it is not clear what fraction of the 14 Mev
neutrons are being self-gated. Apparently, the pulse height
discriminator is saturating because the counting rate is too
high with no clipping of the ringing pulse generated in the
plastic scintillator. An investigation is belng made of the
possibility of clipping this pulse to increase the counting
rate for which the pulse height discriminator saturates.

The measured efficiencies of the phoswich assembly
for different energy neutrons are approximately

E, = thermal 3 Mev 14 Mev

9.0 cm? 2.8 2.8 .

These were determined with the high voltage at 1100 V under
the same experimental conditions as for the space neutron

monitor.




To consider using this phoswich assembly for measure-
ments of neutrons in space, the saturation effects in pulse
shape discriminator, and the energy at which self-gating
becomes predominate must be investigated thoroughly. Despite
the more elaborate electronics the overall detector assembly
is relatively simple and has an efficiency comparable to the
He3 neutron monitor. Further tests are planned on this de-

tector with a possible balloon flight of a prototype.
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